Large area nanograting patterns are useful in many applications but difficult to fabricate. The authors demonstrate a low temperature dimension reduction method, as a cost-effective alternative to high resolution lithography, to define nanogratings as narrow as 8 -10 nm. In this process, the slope of prepatterned polymer gratings, with pitch of 200 nm or larger and width of 100 nm or larger, is contrillably changed from the original straight to curved or sloped. Then, shadow metal evaporation is used to coat the sloped polymer profile to define a much narrower opening. This opening is then transferred to underlying material by plasma etching to form sub-10-nm trenches. The width of trenches can be well controlled by both slope of the profile and angle of metal evaporation. Low processing temperature ͑as low as 55-85°C-depending on polymer͒ allows this method to be used with a wide variety of materials.
I. INTRODUCTION
Nanograting patterns are the building blocks of many devices used in a variety of applications, e.g., nanofluidics, 1 optoelectronics, 2 nanowire sensors, 3 solar cells, 4 tissue engineering, 5 etc. Nanogratings are typically defined by scanning beam lithography or advanced photolithography, 6, 7 followed by an etching or lift-off process to transfer patterns from resist to substrate. As dimensions are controlled by dose in electron-beam ͑e-beam͒ and photolithography, it is challenging to produce ultrasmall nanoscale patterns over large areas consistently. More importantly, the sequential nature of e-beam lithography or the high cost of advanced photolithography makes writing large areas of continuous nanogratings prohibitively time consuming and/or expensive. Nanoimprint lithography is often used as a cost-effective process to produce nanostructures over large areas. 8 However, fabrication of imprint molds, particularly for ultrafine features, still demands conventional high resolution lithography.
Reducing the size of larger patterns is one low-cost strategy to define ultrasmall patterns without the use of high resolution lithography. One widely used scheme to reduce dimensions of silicon gratings is oxidation. Several novel, yet unconventional methods such as edge lithography, 9 size reduction lithography, 10 and nanopattern oxidation 11 utilize various forms of this technique to reduce dimensions during or after the pattern transfer step. However, these techniques are limited by the high temperatures required for silicon oxidation, surface and edge variations, and oxidation nonuniformities resulting in high line edge roughness ͑LER͒.
11,12
Moreover, oxidation based techniques are not applicable to materials other than silicon, e.g., III-V compound semiconductors or even organic materials. Recently, a set of techniques called self-perfection by liquefaction, or SPEL, has shown promising capability to reduce dimensions by melting and reflowing nanoimprinted polymer structures. 13, 14 Polymer reflow may cause difficulty in controlling uniformity over large areas for dimensions down to the sub-10-nm regime. Another method to reduce grating dimension is SAFIER, a temperature dependent ͑as high as 160°C͒ shrinking process in which several coat and bake cycles with a specialized coating material produce linewidths of as low as ϳ20 nm. 15 Shadowed or oblique angle metal evaporation has long been used to fabricate small gaps in materials. 16, 17 Its reliability largely depends on the geometry of structures onto which the metal is evaporated.
In this work, we develop a simple dimension reduction method to fabricate gratings with trenches as narrow as sub-10-nm. Dimension reduction is achieved by controlling the shape and slope of polymer grating sidewalls, facilitating smooth and directed selective metal coating by oblique angle evaporation, which effectively reduces pattern dimension. Plasma etching is used to transfer the reduced gratings to substrate materials. This low temperature process can be applied to a wide variety of materials without the need for high resolution lithography.
II. PROCESS AND RESULTS
Initial grating patterns are defined in resist on top of a substrate, either by photolithography or nanoimprint lithography. Resist is chosen based on patterning method, as certain resists prefer either nanoimprint or photolithography. Patterns in each resist can be calibrated to yield the desired profile shapes; in our case, we have demonstrated control of profile shape with poly͑methyl methacrylate͒ ͑PMMA͒ and SU-8 for gratings defined by nanoimprint lithography as well as S1813 for photolithographically defined gratings. As our dimension reduction method is applicable to all substrates, the choice of substrate is inconsequential; in our case, we use oxidized silicon, as SiO 2 has sufficiently high selectivity to silicon during plasma etching. a͒ Electronic mail: walter.hu@utdallas.edu
The process flow is shown in Fig. 1 . Polymer gratings of larger size ͑100 nm or larger͒ are first patterned and their profile is controllably altered to have curvature or slope. Metal is selectively coated onto sloped sidewalls of grating patterns via shadow evaporation, producing small openings in between the metal. Next, the patterns with reduced openings are transferred by plasma etching into the underlying substrate. In the case of nanoimprinted gratings, PMMA and SU-8 were imprinted with a 100 nm line and space grating mold ͑Nanonex͒. The mold was treated with perfluorodecyltrichlorosilane to prevent adhesion of polymer to the mold during demolding. PMMA was imprinted at 175°C for 15 min with a pressure of 60 bars. SU-8 was imprinted at 85°C for 15 min with a pressure of 30 bars. For microscale gratings, photolithography was used to make ϳ1 m line and space grating in S1813 ͑Shipley͒.
A sloped profile of polymer lines is crucial, as it facilitates uniform shadowed metal coating on the patterned polymer. Without a sloped profile, the metal coating is not directed by the underlying polymer, resulting in loss of control over final trench dimension and significant LER in transferred patterns. In the case of nanoimprinted patterns, a sloped and almost sinusoidal profile was achieved by controlled melting or relaxation of the imprinted polymer grating directly after demolding. The slight melting or relaxation of polymer grating would likely reduce the surface roughness, as indicated by SPEL. 13, 14 As shown in Figs. 2͑a͒ and 2͑b͒, both the temperature and time can significantly affect the shape of the patterned polymer gratings, with higher temperature and longer time resulting in decreasing sidewall slope. To minimize the time, temperature was calibrated so that the profile shape would change significantly in a matter of seconds or minutes, as shown in Fig. 3͑a͒ . PMMA ͑T g ϳ 100°C͒ required a significantly higher temperature of 125°C compared to 55°C for SU-8 ͑T g ϳ 55°C͒ to produce similarly sloped sidewalls; this difference could be attributed to differences in molecular weight, as the molecular weight of PMMA used in this work is 950 000 Da compared to ϳ7000 Da of SU-8. 18 It is certainly possible that other combinations of time and temperature would produce the same results, e.g., lower temperature and longer time. In the case of SU-8, after initial heating at 55°C to produce sloped sidewalls, the patterns were cured under UV exposure ͑450 mJ/ cm 2 ͒ and underwent a postexposure bake on a hotplate at 95°C for 1 min. Cross-linking the SU-8 under these conditions does not alter the profile shape further. Different polymers will require different conditions to produce the desired sidewall profile, as evidenced in the case of PMMA and SU-8 in Figs. 2͑a͒ and 2͑b͒ . Such tunability is desirable as certain applications may have low temperature requirements. In the case of photolithography patterns, the dose is controlled such that after photolithography and development, the pattern profile is sloped, similar to Fig. 1͑b͒ walls, as shown in Fig. 2͑c͒ . These processes to control patterned polymer shape, both with imprinted ͑SU-8 and PMMA͒ and photolithographically defined ͑S1813͒ gratings, have shown the polymer shape profile to be well controlled at low temperatures ͑as low as 55-85°C for SU-8͒, which is desirable for a wide variety of materials, including plastic substrates. After a sloped sidewall profile is produced, the next step is selective metal coating by shadow or oblique angle metal evaporation. The metal is selectively coated onto both sides of sloped polymer grating sidewalls to produce small openings in between the metal, the size of which is determined by the angle at which the metal is coated. The approximate size of openings can be predicted by trigonometry, with higher angles producing smaller openings. It is possible that shadow evaporation over large areas could introduce global critical dimension variations. The uniformity in size of openings across large areas depends not only on the sample size but also on the distance from metal source and configuration of the metal source. For especially large samples, it may be beneficial to use slightly deeper sloped grating patterns with steeper slope so that higher angle shadow evaporation can be used to create small gaps. Figure 3͑b͒ shows the trench opening width with respect to the angle of metal evaporation for a typical nanoimprinted grating with sloped sidewalls, indicating a linear relationship, which affords a high degree of control in the final trench dimension ͑down to 8 -10 nm͒. Electron-beam deposition was used to evaporate the metal, as a directional physical deposition method is required for controlled shadowing. The quality of the metal coating can play a role in final LER after pattern transfer. For uniform metal coating with minimal roughness, a low chamber pressure ͑ Ͻ 10 −6 Torr͒ and a low deposition rate ͑ϳ0.5 Å / s͒ were used. Cr was used as the etching mask, as it is easily evaporated by e-beam deposition and provides sufficient selectivity to SiO 2 in fluorine plasma.
After 15-30 nm Cr evaporation, the samples underwent plasma etching in inductively coupled plasma ͑ICP͒ for minimal angular spread of the incoming ions to produce straight sidewalls. First, the samples were etched in oxygen plasma ͑300 W ICP power, 100 W bias power, 5 mTorr, 25°C chuck temperature, ϳ10 s͒ to remove the polymer residue exposed in between the metal openings. After the residue was etched, the pattern was transferred to the oxide layer by etching in a mixture of C 4 F 8 , CHF 3 , and Ar with conditions that have been optimized to produce straight sidewalls ͑2000 W ICP, 500 W bias, 5 mTorr, 10°C, ϳ10 s͒. At this point, the pattern can be further etched into the silicon, if desired. Figures 4͑a͒-4͑c͒ show cross sectional scanning electron microscopy ͑SEM͒ images of dimension reduced nanotrenches transferred to the oxide layer. The Cr etch rate in these plasma etching steps is sufficiently low, as evidenced by the residual Cr that is clearly visible even after pattern transfer to underlying oxide in Figs. 4͑b͒ and 4͑c͒. Trench dimensions of less than 10 nm have been produced using this method, with reasonable uniformity, reduced from the original 100 nm line and space gratings. This demonstrates a ten times well-controlled size reduction. Figure 4͑d͒ shows a cross sectional SEM image of dimension reduced trenches in S1813; the trench dimension has been reduced to ϳ200 nm from the original ϳ1 m. With higher angle metal evaporation, it is possible to scale the ϳ1 m gratings to well below 100 nm. The final transferred trench dimension can be tuned not only by the angle of metal evaporation but also by the slope of the grating sidewalls, providing two degrees of control. With such control, it is possible to produce uniform dimension reduced nanogratings over large areas with precision, as shown in Figs. 4 and 5. As expected, the lines are smooth and uniform and the cross sections exhibit excellent profiles. Any defects or nonuniformities in the dimension reduced lines are likely a result of original patterning, as seen in Fig. 6 , which shows several defects in a small area of the original imprinted SU-8 patterns. Variations in smoothness and height of original imprinted lines, both along a line and among adjacent lines, will result in variations in final grating slope and height, which, in turn, will directly affect shadowed Cr coating. Therefore, nonuniformity in the original patterns would lead to LER in final dimension reduced patterns. Small scale LER ͑local roughness͒ largely depends on the quality of metal coating and subsequent etching during pattern transfer. Therefore, it is necessary to optimize metal deposition and etching conditions if smaller LER is required .   FIG. 4 . Cross sectional SEM images of dimension reduced gratings with widths of ͑a͒ ϳ50 nm, ͑b͒ ϳ20 nm, ͑c͒ 8-10 nm, and ͑d͒ ϳ200 nm. ͑a͒, ͑b͒, and ͑c͒ are dimension reduced nanoimprinted gratings ͓scale bars are 100 nm; materials in ͑a͒, ͑b͒, and ͑c͒ are the same͔ while ͑d͒ is a dimension reduced microscale grating originally defined by photolithography ͑scale bar is 650 nm͒.
FIG. 5.
Top view SEM images of dimension reduced gratings with widths of ͑a͒ ϳ75 nm, ͑b͒ ϳ50 nm, ͑c͒ 8-10 nm, and ͑d͒ ϳ200 nm. ͑a͒, ͑b͒, and ͑c͒ are dimension reduced nanoimprinted gratings while ͑d͒ is a dimension reduced microscale grating originally defined by photolithography.
One of the limitations of this method is the inability to reduce the pitch of the original grating, which, in our case, was defined by a mold fabricated with interference lithography 19 ͑in the case of nanoimprinted gratings͒ or by the dimensions of patterns on the mask ͑in the case of photolithographically defined gratings͒. As defining ultrafine gratings ͑ϳ10 nm͒ is challenging and/or expensive for photolithography and interference lithography, combining our dimension reduction method with these two techniques may provide a unique means to define ultrasmall nanograting patterns over large areas.
III. CONCLUSION
In this work, we have developed a simple dimension reduction process to make nanoscale gratings down to sub-10-nm width over large areas. Dimension reduction is achieved by controlling the shape and slope of patterned polymer grating sidewalls, followed by oblique angle evaporation and plasma etching to define openings with up to ten times reduction in size. As we have shown, this process is scalable to both microscale and nanoscale gratings, relaxing the requirements for high resolution lithography. Low temperature processing allows the use of a wide variety of materials. The controllability inherent to this process affords a high degree of precision in dimension and uniformity of size reduced nanogratings.
